N-terminal truncation of the
proteinaceous organelle containing the proteins required for ethanolamine degradation (7, 8) .
Inhibitors of the pathway are of interest since considerable numbers of pathogens which carry the ethanolamine utilization genes are causative agents of food poisoning (9) .
Clostridial EAL has been extensively investigated (10) , together with diol dehydratase (11) , to establish the minimal mechanism of action of AdoCbl. Recombinant enzyme has been primarily used after the cloning of the Salmonella genes encoding EAL (12) . Large (α) and small (β) subunits of EAL are encoded by the eutB and eutC genes, respectively, in the eut operon. Overexpression and purification of EAL from S. typhimurium (13) and Escherichia coli (14) have been achieved. The subunit structure was established to be α 6 β 6 (13) (14) (15) . EPR studies demonstrated that the enzyme binds cobalamin in the base-on mode, that is, with 5,6-dimethylbenzimidazole (DBI) coordinating to the cobalt atom (14, 16, 17) , as suggested from the fact that it does not contain a DxHxxG motif (12) . Recent EPR, ENDOR, and ESEEM spectroscopy revealed not only the nature of the radical species but also the geometry of reactant centers of this enzyme (18) (19) (20) (21) . The three-dimensional structure of this enzyme has been constructed from the X-ray structure of diol dehydratase by modeling using spectroscopic results and sequence comparison (22) . Despite these intensive biochemical and spectroscopic studies, the detailed reaction mechanism of this enzyme is still unclear due to lack of the complete structural information of the active site.
Therefore, the crystal structure of the enzyme has been long awaited to elucidate the radical reaction mechanism. Thus far, X-ray structures we determined that N-terminal truncations of the β subunit with the Cys34Ser mutation significantly improved EAL stability (14) . These data indicate that a short N-terminal sequence is sufficient to change the solubility and stability of the enzyme.
In the present paper, we report the crystallization and first X-ray structures of truncated EAL complexed with coenzyme B 12 analogs and substrates. Mechanistically important insights obtained from these structures, which may give a hint to design inhibitors for the ethanolamine-degradative pathway of the food poisoning bacteria, are also described here.
EXPERIMENTAL PROCEDURES

Construction of expression plasmids
Plasmid pUSI2ENd(EAL), an expression plasmid for wild-type EAL of E. coli, was constructed as previously described (14) . 
3′). Each plasmid was transformed into
Escherichia coli JM109 cells.
Expression and Purification
Cultures of E. coli JM109 harboring the expression plasmid pUSI2ENd(EAL(∆β4-43))
were inoculated to an OD 600nm of 0.6, and after Table S1 .
Structure determination and refinement
The molecular replacement (MR) trial for the CN-Cbl/EA complex using the α 6 complex of Table S1 ).
The minimal unit of functional EAL is composed of the α and β subunits and a cobalamin cofactor. This composition, the αβ unit, is conserved in most of the other base-on
AdoCbl-dependent enzymes except class II ribonucleotide reductase (31) . The most striking feature of the overall structure of EAL is that this enzyme is a hexamer of the αβ unit (32) (33) (34) (35) (36) .
In contrast, the other known AdoCbl-dependent enzymes are monomeric or dimeric with respect to the αβ units. EAL has a propeller-like shape when viewed along the crystallographic 3-fold axis (Fig. 1A) . Six α subunits form a ring core, and each β subunit projects out from its adjacent α subunit. The adjacent two αβ units are related by a non-crystallographic 2-fold axis perpendicular to the crystallographic 3-fold axis.
Each αβ unit has two contact areas with the adjacent αβ units. One is a face-to-face contact and the other is an edge-to-edge contact. The buried surface area of the face-to-face interface S2B ).
Structure of the αβ unit
The α subunit is folded into a (β/α) 8 or TIM barrel-based structure (Fig. 1B) , which is similar to other AdoCbl-dependent enzymes (32-36). 
Binding of cobalamin
The cobalamin molecule is bound in the interface of the α and β subunits (Fig. 1B) 
Adenine ring-binding site and its vicinity
When the X-ray structure of the EAL-AdePeCbl complex was analyzed, the difference electron density for the adenine-ring was clear enough to build its model (Supplemental Fig. S4 N1-Wat609, N3-Serα247, 6-NH 2 -Glyα289, and 6-NH 2 -Wat607, whereas N7 and N9 atoms are not involved in hydrogen bonds (Fig. 2B) . In diol dehydratase, each nitrogen atom of the adenine-ring except N9 has at least one partner for hydrogen bonding (Fig 2C) , whereas in EAL, a hydrogen bonding partner is also missing for N7 and the 6-NH 2 -Gα289 hydrogen bond is considerably longer (3.38 Å) than the corresponding 6-NH 2 -Gα261 hydrogen bond in diol dehydratase (3.10 Å). Moreover, EAL has less van der Waals contacts with the adenine ring than diol dehydratase (10 contacts with Serα247, Gluα287, Thrα288, Glyα289, Valα326, and Pheα329 vs. 12 with Serα224, Thrα259, Glyα261, Valα300, and Serα301).
These data suggest that EAL interacts with the adenine ring of AdoCbl less strongly than diol dehydratase.
Diol dehydratase has a monovalent cation-binding site near the adenine ring-binding site (40) . Interestingly, the corresponding site of EAL shares a similar structure with that of diol dehydratase. Indeed, there is an electron density typhimurium EAL and that addition of extrinsic guanidium significantly restores the activity (45).
The cavity generated by the point mutation could bind a guanidium ion through which the catalytically active orientation of the bound substrate might be maintained. It was also reported that the Argα160Lys mutant showed significant activity. A modeling study based on the present structure suggests that the Lys160-substrate distance is only ~3.5 Å, which is comparable to the wild-type enzyme and shorter than the estimated value of Sun et al.
.
Protonated state of substrates
One of the intriguing questions is whether the amino group of the substrate is positively charged (substituted ammonium) or neutral. If protonated, the amino group of the substrate serves as a proton-donor for three hydrogen bonds, but if its neutral, then it should be a proton-donor for two hydrogen bonds and a proton-acceptor for one. Protonation of either Gluα287 or Aspα362 is unlikely because they are in a relatively hydrophilic environment. If the side chain NH 2 -group of Glnα162 is directed toward the amino group, it becomes a proton-donor, which would lead to the loss of its hydrogen bonds with the SD atom of Metα394, the carboxylate of Aspα399, and the OH atom of Tyr404 (Supplemental Fig S6) . These data suggest that Glnα162 is a proton acceptor for the hydrogen bond. In contrast, the proton-donor for the corresponding hydrogen bond in diol dehydratase seems to be Hisα143, which has been suggested to assist in the migration and elimination of the O2 hydroxyl group by hydrogen bond donation (46) .
Consistency with EPR studies
Superimposing the structures of EAL and diol dehydratase on their cobalamins indicates that the C1 atom of EA is shifted ~0.6 Å along the C1-C2 bond of propanediol and that the C2 atom is lifted up toward the carboxylate of Gluα287 and twisted clockwise, as viewed from the cobalamin molecule (Fig. 2A) . Thus, the steric strain model of Co-C bond cleavage for diol dehydratase seems to be applicable to EAL as well. In addition, the AdoCbl-bound model of EAL suggests that Gluα287 has a direct contact with the 2'-hydroxyl group of the ribose moiety (Fig. 4B) , which may also contribute to the Co-C bond cleavage by stabilizing the post-homolysis state.
Modeling of the adenosyl radical in the hydrogen-abstracting conformation
On the basis of the AdePeCbl-bound structure, the adenosyl radical in the productive (distal) This was considered to be responsible for the substrate switch or substrate-induced additional labilization of the Co-C bond (52) . To test this possibility, the structure of the substrate-free form of EAL was also analyzed. However, EAL did not show a significant structural difference between the substrate-bound and substrate-free forms at the overall fold level (Fig. 5A ). In the active site of the substrate-free form, two water molecules are bound at the positions corresponding to the O1 and N2 atoms of substrate (Fig. 5B) . Another major structural change is that the side chain of Gluα287 was almost invisible in the electron density map, which implies that this residue is not fixed at the 
Proposed mechanism of action of EAL
Based on the X-ray structures, we propose the refined overall mechanism for EAL (Fig. 6 ).
This is consistent with the earlier proposed minimal mechanism (56) 
